Abstract. We study some claims in Krauss' recent book, A Universe from Nothing: Why there is something rather than nothing, that are employed to show that a universe can come from "nothing". In this brief paper, we show that many of the claims are not supported in full by modern general relativity theory or quantum field theory in curved spacetime.
(1) Claim 1: "General Relativity tells us unambiguously that a closed universe whose energy density is dominated by matter like stars and galaxies, and even more exotic dark matter, must one day recollapse in a process like the reverse of a Big Banga Big Crunch" (Page 27, [Kra12] ). Comment: Indeed, due to the closed universe recollapse conjectures as formulated in [BT85] , [BGT86] , [Bar88] , [LW89] , and [LW90] , there are possible scenarios for a closed universe to potentially recollapse. However, as shown in [CH10] , there are a general class of closed cosmological models of Bianchi type IX (of which a k = +1 FLRW universe is a special case), that do not exhibit recollapse, but continually expand. As stated in the paper, there exists a class of locally rotationally symmetric Bianchi IX initial data such that the solutions of the Einstein field equations with anisotropic matter expand forever. Therefore, we do not agree with Krauss that General Relativity unambiguously states that a closed universe must recollapse, when clearly there are many examples in the literature citing the opposite to be true.
(2) Claim 2: "Considering the geometry of the universe is like imagining a pencil balancing vertically on its point on a table. The slightest imbalance one way or the other and it will quickly topple. So it is for a flat universe. The slightest departure from flatness quickly grows. Thus, how could the universe be so close to being flat today if it were not exactly flat." (Page 93, [Kra12] ). Comment: The entire basis of this claim is that the universe was always isotropic and therefore, spatially homogeneous. Therefore, the implication is that even in the asymptotic past, the universe was of FLRW-type. In this case, we can see the validity of Krauss' claim by considering the following. Let the metric tensor of the FLRW be defined as in [WE97] : where l is the typical length-scale function, and f (r) = sin r, r, sinh r depending on whether the FLRW model being considered is closed, flat, or open, i.e,. k = +1, 0, or −1. Let us define
where τ is a dimensionless time variable, and further define the quantity
where H is the Hubble parameter, which leads to
The standard Bianchi identities then imply that However, it has been suggested that the early universe being hot, and dense, may have contained anisotropic matter usually modelled by shear viscosity in the energy-momentum tensor [GH07] . In addition, primordial magnetic fields have also been suggested to exist in the early universe [AK10] [GR01], [Gea12] . In this case, the presence of magnetic fields introduces a shear component in the energymomentum tensor as well, so the FLRW models would not be relevant at this time in the universe's evolution. One must therefore, at a minimum, consider anisotropic cosmologies. One can in principle, still maintain the assumption of spatial homogeneity, thus working with the Bianchi cosmological models. Indeed, much work has been done in this area [HJ70] , [LeB98] , [LeB97] , [Col72] , [LKW95] , [KH13] . In the latter papers, it is shown that a flat FLRW universe is a local sink of the Einstein field equations, and further analysis of the global behaviour of the orbits show that under certain reasonable conditions, a flat FLRW universe is a global stable asymptotic state of the system. In this case, deviations from the flat FLRW point will not change the trajectory of the system. This can only occur if there are bifurcations in the parameter space, which is an entirely different matter than Krauss is claiming. Indeed, the dynamics of the Bianchi models can be obtained in an intuitive way by considering the orthonormal frame formalism [EM69] , and then employing expansion-normalized variables approach [HBW01] to obtain the following form of the Einstein field equations:
These equations are subject to the constraints
In Eqs. (7) and (8) we have made use of the following notation:
In the expansion-normalized approach, Σ ab denotes the kinematic shear tensor, and describes the anisotropy in the Hubble flow, A i and N ij describe the spatial curvature, while Ω i describes the relative orientation of the shear and spatial curvature eigenframes. In addition, µ and p denote the total energy density and total effective pressure, and are found by evaluating
where, h ab = u a u b +g ab denotes the projection tensor, and u a , the fluid four-velocity [HLSU10] . It can then be shown by generalizing the equations Eqs. (7) to different Bianchi types that a flat FLRW universe given by
is a local sink of this dynamical system under certain conditions of the equation of state parameter (and possibly other phenomenological parameters). In addition, for certain Bianchi types, one can prove that the FLRW flat universe point is globally stable. For further details, the interested reader should consult Chapters 6 and 7 of [WE97] . (3) Claim 3: Krauss claims on several occasions in the book that the total energy of a closed universe is zero [Kra12] . Comment: As stated on page 457 in [MTW73] , "for a closed universe the total mass-energy and angular momentum are undefined and undefinable". In addition, following [BS10] , we note that the total mass-energy of a system in general relativity cannot be generally defined. There are however, a few tools one can employ to measure the total mass-energy of a system in the case of asymptotically flat spacetimes. The first is the ADM mass, defined by:
which requires the space-time to be asymptotically flat. Another tool is the Komar mass,
which also requires the spacetime to have an asymptotically flat region. The problem of of course is that, our universe, or any spatially homogeneous and non-static, that is, one that does not contain a global timelike Killing vector is necessarily not asymptotically flat. This can be seen from the arguments given in [Ste04] . Namely, consider a spacetime (M ,ĝ ab ). Let this spacetime have the following three properties:
• There exists a function ω ≥ 0 ∈ C 3 , such that g ab = ω 2ĝ ab , • on the boundary ω = 0, and ω ,a = 0, • Every null geodesic intersects the boundary in two points. These space times are called asymptotically simple. However, if we now associate the metric tensor, g ab with the Einstein field equations, the existence of these three conditions implies that the spacetime is asymptotically flat. It is only under these three conditions, for which one can in a meaningful way talk about the mass or energy of a universe. Clearly, FLRW universes, because they are spatially homogeneous, cannot be asymptotically flat. Therefore even in the k = +1 case, there is just no way to covariantly describe the mass-energy of such a universe. Further as stated in [Mis63] , a closed surface cannot be covered by a single set of singularity-free coordinates. In particular, the concepts of a surface integral formulation, general covariance sufficient for applicability to closed spaces, and positive definitiveness for any type of energy formula are all incompatible. (4) Claim 4: Krauss claims that "in quantum gravity, universes can, and indeed always will, spontaneously appear from nothing" [Kra12] . Comment: For this section, we largely follow [EMM12] (and references therein), and discuss the Wheeler-DeWitt approach to quantum gravity, which is precisely the approach that Krauss bases his entire argument on. In this approach, one represents the quantum state of the universe as Ψ(h ij ) on superspace, where h ij is a spatial metric, which itself is subject to the Hamiltonian constraint. In the literature, the Wheeler-DeWitt approach has only been applied to minisuperspaces. Superspace is the space of all spatial metrics, and each point in superspace corresponds to a spatial metric h ab . DeWitt's supermetric is defined as [GH07] (14)
One obtains a minisuperspace model by working with universe models that have finite degrees of freedom such as the FLRW or Bianchi models. With the aforementioned wave functional, the Wheeler-DeWitt equation takes the form (in the case of minisuperspace models)
and to solve such an equation, one needs conditions on the spatial geometry usually given in terms of boundary conditions on Ψ. One typically solves the WheelerDeWitt equation using a path integral formulation. In the Hartle-Hawking noboundary proposal [HH83] which is also mentioned in Krauss' book, we have
where Dg uv is a measure on the space of 3-geometries, and I[g uv ] is the Euclidean action, which has a S 3 geometry as its boundary. This methodology leads to a "beginning of time", where a classical description then becomes valid. Vilenkin's method [Vil82] produced a variant of the Wheeler-DeWitt equation for FLRW universes as
This equation gives tunnelling probabilities for the wave function "from nothing" to a closed universe of radius a 1 . These methods are essentially the quantum gravity approaches Krauss refers to to show that it is plausible that a universe can come from nothing, but the nothing that Krauss refers to is no space and no time. We do not agree that the Wheeler-DeWitt approach entails a universe coming from no space for the reason that the entire DeWitt formalism relies on an underlying superspace, which as we mentioned above, is the space of all spatial metrics, h ij . Since both approaches above are Wheeler-DeWitt equations, they also exist on some space, namely, this superspace/minisuperspace. In particular, for such a proposal to be considered as a valid physics-based proposal, it has to be at least in principle, testable. Namely, one would have to show that preceding the big bang, or the creation of our universe, that there really was such a superspace in existence. It is not clear how at the present time that we could even begin to consider how this could be accomplished.
Notwithstanding the previous point, there are significant problems with both approaches, many types of divergences occur, namely that the path integral itself is ultraviolet divergent, and in fact, cannot be renormalized. In the Hartle-Hawking no-boundary proposal in particular, conformal modes lead to the Einstein-Hilbert action not being bounded from below, which in turn implies that the sum over all 4-geometries leads to a sum over topologies that cannot be computed. There is also a problem of time. There are some approaches that try to treat a in the Vilenkin equation as an effective time variable, but, as Barbour [Bar01] has pointed out, it is very difficult to make this work from a practical sense. One essentially has from these approaches that|Ψ(t) = 0, which implies a static solution, and the concept of a time-evolving universe is thus difficult to see. Another important point is how exactly one interprets the concept of a "wavefunction" and probabilities when there is only one object. Can one even give any meaningful definition of the wavefunction of a universe in these contexts?
Separately, Krauss has also claimed that particles can spontaneously be emitted from a vacuum state. However, we propose that one should take quantum field theory in curved spacetime seriously in this regard at the level of [Wal94] . Indeed, as stated in [Wal94] , the notion of particles is not well-defined in a general curved spacetime because of the general lack of a well-defined time-invariant vacuum state. In addition, what one considers to be spontaneous "particle" emission is only possible in spacetimes that are asymptotically stationary in the past and future. We refer the interested reader to Chapter 4 of [Wal94] for complete details. The FLRW universes are never asymptotically stationary, as they belong to a six-dimensional Lie algebra for which the generators of the corresponding Lie group are three Killing vectors corresponding to rotations, and three Killing vectors corresponding to translations. (5) Claim 5: Krauss clams that "the structures we can see, like stars and galaxies, were all created by quantum fluctuations." [Kra12] . Comment: This statement is clearly true, but one should be careful as to how this statement is interpreted. Following [Ell] , it is important to note that in the real universe, the future evolution is not uniquely predicted by the past, precisely because of inflationary perturbations! The inhomogeneities that occurred on the last scattering surface were the result of quantum fluctuations during inflation. They were not determined uniquely by the state of the universe at the start of inflation because of the inherent quantum uncertainties. As is also pointed out in [Ell] , suppose we knew every detail of the state of the Earth and the life on it two billion years ago, this would not uniquely predict that humans would exist today, because the random quantum events leading to cosmic ray emission can change the genetic traits of animals, thus influencing biological evolution.
Quantum fluctuations are also not fully responsible for allowing emergence to occur, and there must be genuine emergence, namely, the emergence of complexity that that occurs in order for the macroscopic levels or order that we see in the universe. For this to occur, there must be a precise interplay between not only bottom-up causation, but top-down causation as well. The interested reader is asked to see [Ell12] for further details on this very important point.
